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(57) ABSTRACT

A voltage level shifter with testable cascode devices 1s
disclosed. According to one embodiment, the level shifter
includes multiple cascode devices and switches a first output
driver according to the values of a data input and an enable
input. Testability devices coupled to cascode devices of the
level shifter detect a current 1n response to failure of the
corresponding cascode device.
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VOLTAGE LEVEL SHIFTER WITH
TESTABLE CASCODE DEVICES

RELATED APPLICATIONS

This application claims priority under 35 USC §119(e)(1)

of Provisional Application Number 60/086,878, filed May
27, 1998.

This application 1s related to a provisional application
enfitled Output Buffer Having Quasi-Failsafe Operation,
filed Jan. 2, 1997, having a Ser. No. of 60/034,170, and now
U.S. Pat. No. 6,040,708, and a provisional application
entitled Output Buifer Providing Testability, filed Jan. 2,
1997, having a Ser. No. of 60/035735, and now U.S. Pat. No.
5,995,010.

TECHNICAL FIELD OF THE INVENTION

This invention relates generally to the field of electronic
circuits, and more particularly to a level shifter providing
testability.

BACKGROUND OF THE INVENTION

Modern ICs often interface with complementary metal-
oxide semiconductor (CMOS) voltage levels on chips from
previous technology generations. In order to interface with
such voltage levels, ICs must include output buifers capable

of driving high to an output much greater than the source
voltage.

Many output buffer circuits are coupled to one or more
power supplies and use output drivers to switch an output
voltage according to the values of one or more nputs. For
example, an output buffer that receives a high voltage
(VDDHYV) from a first power supply and an internal chip
core voltage (VCGQG) from a second power supply might have
p-channel and n-channel output drivers to switch an output
voltage according to values of a data mput and an enable
input. Typically, output butfers have only a single thin gate
oxide. The single thin gate oxide becomes overstressed by a
gate-drain voltage much above the source voltage. It 1s often
desirable to protect the gate oxides of these output drivers
and other components of the output buffer from overstress,
breakdown or other damage due to changes 1n voltage on the
output. Typically, the gate oxide of a transistor can withstand

DC voltages only up to approximately VCG plus a transistor
threshold voltage (VT).

As microelectronic devices become increasingly complex
o satisty additional processing requirements, reducing the
failure of devices during operation becomes increasingly
important. A known technique for protecting the gate oxade
of output drivers includes coupling cascode devices in series
with the output drivers, and 1n a level shifter, to turn off the
switching output P-driver. The cascode devices are supposed
to prevent their drains from being pulled past their gate
potentials and overstressing the gate oxides of neighboring,
devices. The cascode devices thus shield the gate oxide of
the output driver from voltage levels on the output. The gate
of the cascode 1s maintained at a substantially constant
intermediate voltage, such that the voltage across the gate
oxide does not exceed the gate oxide’s maximum fixed
voltage tolerance.

Although these techniques protect the output driver gate
oxide when the cascode devices are functioning properly, the
output driver 1s susceptible to oxide stress and failure if the
cascode devices 1n the level-shifter are shorted, even though
the output buffer may appear to be functioning properly.
Furthermore, such techniques do not provide for detection of
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cascode failure, leaving previous output buffers and the
associated electronic devices prone to unexpected failure
during operation. These and other 1nadequacies make exist-
ing output buflers and associated level shifters unsuitable for
many applications.

SUMMARY OF THE INVENTION

Therefore, a need has arisen for a level shifter output
buffer that addresses the disadvantages and deficiencies of
previous systems.

A method for testing a level shifter having a plurality of
cascode devices 1s disclosed. According to one embodiment
of the present invention, the level shifter 1s operable to
couple a data input and an enable mput to an output buifer
and operable to receive a first voltage from a first reference
supply and a second voltage from a second reference supply.
A first testability device 1s coupled to a cascode device of the
level shifter and to a substantially constant test reference
supply. A test current 1s detected 1n response to failure of the
cascode device.

The level shifter and method of the present invention
provide a number of technical advantages. The level shifter
includes one or more testability devices that each correspond
to a cascode device of the level shifter. Each testability
device generates current in response to failure of the corre-
sponding cascode device to indicate failure of the cascode
device. The current i1s detectable as increased or decreased
current on an associated reference supply. Since the cascode
devices of the level shifter protect the gate oxides of the
corresponding devices of the level shifter, respectively, and
since the failure of any one of these cascodes will leave the
output buffer and associated electronic device susceptible to
fallure during operation, providing for testability of the
condition of the output buifer 1s a technical advantage.

Another technical advantage of the present mmvention 1s
that the testability devices pass current suflicient for test
detection. Another technical advantage is that the mnvention
can detect multiple failures of cascode devices by providing
detectable current on an upper power supply.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present mnven-
tion and for further features and advantages thereof, refer-
ence 1s now made to the following description taken in
conjuction with the accompanying drawings, 1n which:

FIG. 1 1s a schematic diagram of a first output buffer
circuit constructed in accordance with the present invention;
and

FIG. 2 1s a schematic diagram of a second output buffer
circuit constructed 1n accordance with the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

FIG. 1 illustrates an exemplary output buffer 10 for
complementary metal-oxide semiconductor (CMOS) appli-
cations coupled to a high voltage power supply that provides
a voltage (VDDHV) of approximately 3.0V to approxi-
mately 3.6V to output buifer 10. Output buifer 10 1s coupled
to a data input 12, an enable input 14, and an output 16. Data
mput 12, enable input 14 or both data mput 12 and enable
mput 14 may have a low or “0” value corresponding to
oground or any other suitable reference voltage, or a high or
“1” value that corresponds to the chip core voltage (VCG)
of the electronic device that contains output butfer 10, which
may be approximately 1.65V to approximately 1.95V for
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typical applications. In one embodiment, VDDHYV 1s
approximately 3.3V and VCG 1s approximately 1.8V, which
1s approximately one-half of VDDHYV. The present invention

contemplates any suitable combination of VDDHV and
VCG.

In general, output buffer 10 converts a voltage signal at
level VCG on data mnput 12 to a higher voltage signal on
output 16. The devices that form output buffer 10 may have
any dimensions suitable to provide output buffer 10 with
adequate drive strength, adequate speed 1n switching output
between low and high according to values of data input and
enable input, and acceptably low leakage current when
output 1s 1n a high-impedance or non-asserted state.

Output buffer 10 includes p-channel pre-driver logic
(PPDL) 18 having inverter 22, NAND gate 26, and inverter

30. PPDL 18 couples data mput 12 and enable mput 14 to
switching n-channels 54 and 56 of level shifter 40. Output
buffer 10 also includes n-channel pre-driver logic (NPDL)
20 having inverter 24, NAND gate 28, and inverter 32.
NPDL 20 couples data input 12 and mverter 22 of PPDL 18
to an n-channel output driver (NCOD) 64. Other appropriate
clements may replace or combine with inverters 22 and 24,
NAND gates 26 and 28, and inverters 30 and 32 according

to particular needs.

Output buffer 10 also includes a level shifter 40 designed
to provide VDDHYV to the gate (node 80) of a p-channel
output driver (PCOD) 58 to switch PCOD 58 according to
the values of data mmput 12 and enable 1input 14. Level shifter
40 1ncludes p-channel pull-ups 42 and 44, p-channel cas-
codes 46 and 48, n-channel cascodes 50 and 52, and switch-
ing n-channels 54 and 56. P-channel pull-ups 42 and 44 are
coupled to power supply (VDDHV) 2, and switching
n-channels 54 and 56 are coupled to a ground or any other
suitable reference voltage 6. Level shifter 40 may include
p-channel metal-oxide-semiconductor (PMOS) and
n-channel metal-oxide-semiconductor (NMOS) devices in
any suitable combination.

Output buffer 10 also includes switching driver circuitry.

The circuitry includes PCOD 38, p-channel output cascode
(PCOC) 60, n-channel output cascode (NCOC) 62 and

NCOD 64.

Output buffer 10 further includes testability devices 66,
68, 70, 72, 74 and 76, singly or 1n any suitable combination,
that allow for monitoring of p-channel cascode 46,
p-channel cascode 48, n-channel cascode 50, n-channel
cascode 52, PCOC 60, and NCOC 64, respectively, to detect
one or more faillure modes. Testability devices 66, 68, 70, 72,
74 and 76 are coupled to and receive VIST. Testability
devices 66, 68, 70 and 72 are coupled above or below
cascode devices 46, 48, 50 and 52, respectively, and coupled
to VIST, which 1s close to the voltage level of the cascode
devices’ gates (shown as VCG). VIST and VCG are each
approximately one-half of VDDHV. If a cascode device of
the level shifter 40 1s shorted, the corresponding testability

device detects current from VTIST to ground or from
VDDHY to VTST, depending on the logic state.

In operation of output buffer 10, n-channel devices do not
pull their respective nodes higher than their respective gate
voltages minus their respective threshold voltages.
P-channel devices do not pull their respective nodes lower
than their respective threshold voltages above their respec-
five gate voltages.

In operation of level shifter 40, 1f data input 12 1s low and
enable mput 14 1s low, gate 80 of PCOD 38 1s driven to
approximately VDDHYV and PCOD 38 1s turned off. In the
alternative, if data mput 12 1s high, gate 80 of PCOD 358 1s
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driven to approximately one-half of VDDHYV and PCOD 58
1s on. The present invention contemplates shifting the gate
voltage of PCOD 58 according to the values of data input 12
and enable mput 14 1n any suitable manner.

Referring to the switching circuitry, NCOC 62 has a
threshold voltage (VT) and will not pull its source 82 above
one VT below the voltage at its gate 84, which 1s maintained
at approximately VCG, or approximately one-half of
VDDHYV. As a result, if output 16 1s high at VDDHYV and
NCOD 64 1s on according to the values of data input 12 and
enable input 14, the voltage at node 82 goes low to ground,
NCOC 62 1s turned on, and the voltage across the gate oxide
of NCOD 64 1s not suilicient to overstress, break down, or
damage this gate oxide. If output 16 1s hlgh at VDDHV and
NCOD 64 1s off according to the values of data input 12 and
enable 1mnput 14, the voltage at node 82 1s pulled up to the
voltage at node 84 minus VT, whereupon NCOC 62 1s turned
oif, and the voltages across the gate oxide of NCOD 64 are
again less than the maximum that the gate oxide can tolerate.

PCOC 60 operates 1n a similar manner to protect the gate
oxide of PCOD 38 1if output 16 goes to ground. PCOC 60 has

a threshold voltage (VT) and will not pull its source to below
its gate voltage plus one VT, which 1s maintained at VCG,
which 1s approximately one-half of VDDHY. The body of
PCOC 60 1s additionally coupled to and receives VDDHV

from power supply 2. If output 16 goes to ground, the
voltage at node 86 1s not allowed to go lower than one-half
VDDHY plus VT due to PCOC 60, and the voltage from
node 86 to node 80 (which is at VDDHYV due to level shifter

40) across the gate oxide of PCOD 58 is less than the
maximum the gate oxide can tolerate without overstressing,

breaking down, or otherwise being damaged.

In operation of level shifter 40, it data input 12 1s high and
enable 1nput 14 1s low, NCOD 64 1s off, switching n-channel
54 1s off, switching n-channel 56 1s on, p-channel pull-up 42
1s on, p-channel pull-up 44 1s off, PCOD 38 1s on, and output
16 1s driven high to approximately VDDHYV 1n an asserted
state. As a result, the value of data mput 12 1s effectively
transmitted through output buifer 10 to output 16.
Alternatively, if data mput 12 1s low and enable mput 14 1s
low, NCOD 64 1s on, switching n-channel 54 1s on, switch-
ing n-channel 56 1s off, p-channel pull-up 42 1s off,
P- -channel pull-up 44 1s on, PCOD 38 is off, and output 16
1s low or at ground 1n an asserted state. Finally, 1f enable
input 14 1s high, whether data input 12 1s high or low, NCOD
64 1s of sw1tch11:1g n-channel 54 1s on, switching n-channel
56 1s off, p-channel pull-up 42 is off, p-channel pull-up 44
1s on, PCOD 38 1s off, and output 16 1s 1n a high-itmpedance
non-asserted state with a variable value.

If enable input 14 1s high, the voltages at nodes 86 and 82
will depend on the value of output 16, which may vary
according to the operation of the electronic device associ-
ated with output buffer 10. For the arrangement shown 1n

FIG. 1, the voltage at node 86 may range from approxi-
mately 3.3V (VDDHYV) to approximately 1.65V (one-half of

VDDHYV) plus the VT associated with PCOD 58. The
voltage at node 82 may range from zero (ground) to approxi-
mately VCG, or approximately 1.65V (approximately one-
half of VDDHYV) minus the VT associated with NCOD 64.
The present invention contemplates other suitable voltages
at nodes 86 and 82 according to the values of data input 12,
enable input 14, and output 16 during operation of output
buffer 10. This protection mechanism performed by PCOC
60 and NCOC 62 additionally applies to p-channel cascodes
46 and 48 and n-channel cascodes 50 and 52 of level shifter
40).

If the difference between VDDHYV and VCG, which 1s
approximately VCG when VCG 1s approximately one-half
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of VDDHY, 1s near the maximum gate oxide stress, then
VCG 1s approximately the lowest fixed voltage a p-channel
cascode gate can tolerate. Similarly, if VCG 1s near the
maximum gate oxide stress, then VCG 1s approximately the

highest fixed voltage that an n-channel cascode gate can
tolerate. Putting VCG directly on the gates of PCOC 80,
NCOC 84, p-channel cascodes 66 and 68, and n-channel

cascodes 70 and 72 from the chip power supply allows for
the elimination of bias generated voltages, and the DC
current drawn by bias generators, to simplify output buifer
10. Putting VCG directly on the gates of these cascode
devices also stabilizes their conductances, because VCG 1s
more stable against transient voltage changes than the volt-
ages generated using stacks of low-current devices such as
those found 1n bias generators. As a result, if VCG 1s
approximately one-half of VDDHY, whether VDDHYV 1s
approximately 3.3V and VCG 1s approximately 1.65V,
VDDHY 1s approximately 5.0V and VCG 1s approximately
2.5V, or VDDHY and VCG have any other suitable values,
VCG can be used as a reference voltage on cascode devices
of output buffer 10 to provide these advantages without
sacrificing circuit performance significantly.

Reference supply 8 may be a power supply or a bias
generator circuit that produces a voltage of approximately
VCG to gates of the p-channel cascodes 46 and 48 and
n-channel cascodes 50 and 52 of level shifter 40, to PCOC
60, and to NCOC 62. In FIG. 1, gate 47 of p-channel
cascodes 46 and 48, gate 51 of n-channel cascodes 50 and
52, gate 61 of PCOC 60, and gate 84 of NCOC 62 are all
coupled to reference supply 8 to recerive VCG. In one
embodiment, VDDHY 1s equal to approximately 3.3V and
VCG 15 equal to approximately 1.8V or approximately
one-half of VDDHYV. As a result of this arrangement, the
voltages across the gate oxide of PCOD 58 and the gate
oxide of NCOD 64 are approximately VCG or 1.8V and
these gate oxides are not overstressed, broken down, or
otherwise damaged due to voltage swings on output 16
according to the values of data input 12 and enable input 14.

In one embodiment, each testability device 66, 68, 70, 72,
74 and 76 1s a diode-connected p-channel field effect tran-
sistor (diode-PFET), although output buffer 10 may have
any suitable combination of diode-PFET or diode n-channel
field effect transistor (diode-NFET) devices for use as test-
ability devices. The operation of testability devices 66, 68,
70, 72, 74 and 76 1s discussed using testability devices 66
and 70 as examples, although it should be understood that
this discussion applies equally to other testability devices of
output buffer 10.

Referring to level shifter 40, if p-channel cascode 46 1s
shorted or stuck “on” for some reason, the voltage at node
88 can fall to ground. In this case, output buifer 10 may
continue to function, in whole or 1n part, even though the
cgate oxides of p-channel pull-ups 42 and 44 may be over-
stressed. Testability device 66 draws or otherwise generates
current from power supply 4 at VIST to indicate failure of
p-channel cascode 46. Similarly, 1f n-channel cascade 50 1s
shorted, the voltage at node 89 can rise to VDDHY, which
may overstress the gate oxide of switching n-channel 54. In
this situation, testability device 70 draws current from power
supply 2 at VDDHYV to power supply 4 at VIST that 1s
detectable as changes 1n current on power supplies 2 and 4
to 1ndicate failure of n-channel cascode 50. Testability
devices 68 and 72 operate 1n a similar manner to draw
current on power supply 4 to indicate failure of p-channel
cascade 48 or n-channel cascode 52, respectively.

The present mvention contemplates detecting failure of
p-channel cascade 46, p-channel cascade 48, n-channel
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cascode 50, and n-channel cascode 52, singly or 1n any
suitable combination, using testability devices 66, 68, 70
and 72, respectively. In one embodiment, detection of mul-
tiple concurrent failures may require measurement of current
changes on power supply 2 instead of, or 1n addition to,
measurement of current changes on power supply 4 as
discussed above. For example, if p-channel cascade 46 and
n-channel cascade 52 both fail, or 1f p-channel cascade 48
and n-channel cascade 50 both fail, current may flow to
power supply 4 as a result of one failure and from power
supply 4 as a result of the other failure to substantially
balance any increased or decreased current on power supply
4 that would otherwise be detectable. In this situation,
measurement of the current on power supply 2 will indicate
failure of either pair of cascade devices, because there will
be a current change on power supply 2 even though no
current change on power supply 4 i1s apparent due to this
balancing. Increased or decreased current on power supply
2, power supply 4, or both power supply 2 and power supply
4 may be detected to indicate multiple failure modes of
cascode devices of output buifer 10.

In another embodiment, output buifer 10 could appear to
function, in whole or 1n part, even if p-channel cascode 46
1s shorted between node 88 and node 85 or 1s damaged or
susceptible to failure to turn off, due to a processing defect
or for any other reason. Such a failure of p-channel cascode
46 will prevent p-channel cascode 46 from properly pro-
tecting the gate oxide of p-channel pull-up 42. Detecting that
p-channel cascode 46 1s shorted using testability device 66
allows for detection of potential damage to the gate oxide of
p-channel pull-up 42.

Using testability device 66 as an example, the drain region
of testability device 66 receives VIST, which typically
equals VCG. If p-channel cascode 46 1s functioning
properly, p-channel cascode 46 will not pull node 88 below
VTST and testability device 66 will not draw current. If
p-channel cascode 46 1s shorted between nodes 88 and 85 as
in a typical failure mode, node 88 will follow node 85 below
VTST and the current that testability device 66 draws 1is
detectable as increased current on VIST. Monitoring the
current at VIST allows for the detection of failure of
p-channel cascode 46. Testability device 70 operates 1n a
similar manner to draw current detectable on VIST to
indicate failure of n-channel cascode 50 and the potential for
damage to the gate oxide of switching n-channel 54. The
present invention contemplates testability devices 66 and 70
cooperating 1n any suitable manner to indicate failure of
p-channel cascode 46 or n-channel cascode 50, respectively.
Although the testability devices of level shifter 40 are
discussed as drawing current 1n response to failure of an
assoclated device, the testability devices may generate cur-
rent 1n any direction to indicate such failure. An alternative
embodiment 1s shown 1n FIG. 2. The output buifer 200 has
the same pre-driver logic 18 and 20, level shifter 40 and
switching driver circuitry 58, 60, 62 and 64 as output buffer
10 of FIG. 1. Output buffer 200, however, includes diodes,
rather than field effect transistors, as testability devices.
These diodes could be drain-junction, Schottky or other
suitable diodes.

In one embodiment, each testability device 202, 204, 206
and 208 1s a diode, although output buffer 200 may have any
suitable combination of diode-PFET devices, diode-NFET
devices or diodes for use as testability devices. The opera-
tion of testability devices 202, 204, 206 and 208 1s discussed
using testability device 202 as an example, although it
should be understood that this discussion applies equally to
other testability devices of output butfer 200.
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Referring to level shifter 40, if p-channel cascode 46 1s
shorted or stuck “on” for some reason, the voltage at node
88 can fall to ground. In this case, output buffer 200 may
continue to function, in whole or 1n part, even though the
cgate oxides of p-channel pull-ups 42 and 44 may be over-
stressed. Testability device 202 draws or otherwise generates
current from power supply 4 at VIST to indicate failure of
p-channel cascode 46. Similarly, if n-channel cascode 50 1s
shorted, the voltage at node 89 can rise to VDDHY, which
may overstress the gate oxide of switching n-channel 54. In
this situation, testability device 206 draws current from
power supply 2 at VDDHY to power supply 4 at VIST that
1s detectable as changes 1n current on power supplies 2 and
4 to indicate failure of n-channel cascode 50. Testability
devices 204 and 208 operate 1n a similar manner to draw
current on power supply 4 to indicate failure of p-channel
cascode 48 or n-channel cascode 52, respectively.

The present mvention contemplates detecting failure of
p-channel cascode 46, p-channel cascode 48, n-channel
cascode 50, and n-channel cascode 52, singly or 1n any
suitable combination, using testability devices 202, 204, 206
and 208, respectively. In one embodiment, detection of
multiple concurrent failures may require measurement of
current changes on power supply 2 mstead of, or 1in addition
to, measurement of current changes on power supply 4 as
discussed above. For example, if p-channel cascode 46 and
n-channel cascode 52 both fail, or if p-channel cascode 48
and n-channel cascode 50 both fail, current may flow to
power supply 4 as a result of one failure and from power
supply 4 as a result of the other failure to substantially
balance any increased or decreased current on power supply
4 that would otherwise be detectable. In this situation,
measurement of the current on power supply 2 will indicate
failure of either pair of cascode devices, because there will
be a current change on power supply 2 even though no
current change on power supply 4 i1s apparent due to this
balancing. Increased or decreased current on power supply
2, power supply 4, or both power supply 2 and power supply
4 may be detected to indicate multiple failure modes of
cascode devices of output buifer 200.

Although the present invention has been described above
in connection with several embodiments, 1t should be under-
stood that changes, substitutions, variations, alterations,
transformations, and modifications may be suggested to one
skilled 1n the art, and it 1s intended that the present invention
encompass such changes, variations, substitutions,
alterations, transformations, and modifications as fall within
the spirit and scope of the appended claims.

What 1s claimed 1s:

1. A method for testing a level shifter having a plurality
of cascode devices, the level shifter operable to couple a data
input and an enable mput to an output buffer and operable to
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receive a first voltage from a first reference supply and a
second voltage from a second reference supply, comprising:

coupling a testability device to a cascode device of the
level shifter and to a substantially constant test refer-
ence supply; and

detecting a test current i1n response to failure of the
cascode device.

2. The method of claim 1, wherein the step of detecting

comprises detecting a change 1n current on the test reference

supply.

3. The method of claim 1, wherein the voltage generated
by the test reference supply 1s approximately equal to the
second voltage when the second reference supply 1s supply-
ing power to the output buifer.

4. The method of claim 1, wherein the second voltage 1s
approximately equal to one half of the first voltage.

5. The method of claim 1, wherein the testability device
1s a diode-connected metal oxide semiconductor field effect
transistor (MOSFET).

6. The method of claim 1, wherein the testability device
1s a diode.

7. The method of claim 6, wherein the diode 1s a drain-
junction diode.

8. The method of claim 7, wherein the drain-junction
diode 1s a Schottky diode.

9. The method of claim 1, wherein the testability device
1s operable to conduct a current from a voltage supply
through a failed cascode device.

10. The method of claim 1, further comprising coupling a
first cascode to the output of the level shifter and to a first
cross-coupled p-channel having a gate oxide, the first cas-
code having a gate maintained at a first substantially con-
stant voltage, the first cascode operable to protect the gate
oxide of the first cross-coupled p-channel from voltage
drops on a shared node.

11. The method of claim 10, further comprising coupling
a second cascode to the gate of the first cross-coupled
p-channel and to a second cross-coupled p-channel having a
cgate oxide, the second cascode having a gate maintained at
a second substantially constant voltage, the second cascode
operable to protect the gate oxide of the second cross-
coupled p-channel from voltage drops on the shared node.

12. The method of claim 11, wherein the first and second
substantially constant voltages are substantially the same.

13. The method of claim 11, in response to a multiple
cascode failure such that a net current 1n the test reference
supply 1s approximately zero, further comprising providing
current detectable on an upper power supply coupled to the
cross-coupled p-channel.
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